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© Metrology system for analyzing panel misregistration in a panel manufacturing process and 
providing appropriate information for adjusting panel manufacturing processes. 

© A metrology system to analyse panel misregistration in a panel manufacturing process includes a 
software controlled system which checks defined panel parameters on the four corners of a panel and 
related artwork for processing with a master pettern etched on a glass reference with a machine vision 
measuring system. The panel or artwork being checked is positioned by panel center registration means 
to align the center of the panel with the center of the master pattern. Displacement and rotational 
differences are entered under software control into a data base and analyzed by a stored program 
intelligent analyses system into a plurality of parameters based on a parameter model which permits an 
analysis of the cause of the misregistration. 
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Field of the Invention 

This invention relates to statistical process con- 
trol of a panel or printedcircuit board manufacturing 
process. It specifically relates to a metrology system 
for detecting and correcting process errors causing 
misregistration of panel components and features. 

Background of the Invention 

U.S. patent 4,793,052 entitled "Method for Posi- 
tioning a Panel" discloses a panel locating method 
operative to engage holes in a panel. These holes are 
located in the panel symmetrically about a fixed point 
and axis. The locating method operates by applying 
synchronized opposing displacements of engaging 
elements engaging the holes to locate and secure the 
panel on a work surface. 

Summary of the Invention 

Therefore, an apparatus and method is provided 
to analyze pattern registration as claimed in claims 1 
and 4. 

Brief Description of the Drawing 

In the Drawing: 

FIGS. 1-8 disclose schematically various panel 
misalignments and deformations that occur and 
which may adversely affect registration during 
panel processing; 

FIG. 9 is a schematic of a typical pattern of mis- 
registration; 

FIG. 10 is a schematic of illustrative fiducials 
added to a reference device, the phototool and 
the panels to facilitate measurement of misregis- 
tration; 

FIG. 1 1 is a schematic of a panel or phototool lay- 
out and of tooling features included to facilitate 
positioning of these items for measurement and 
processing; 

FIG. 12 discloses a flowchart of the overall pro- 
cess control used to monitor registration in a 
panel processing system; 
FIGS. 13 and 14 disclose a flowchart of a process 
to identify probable causes of detected misregis- 
tration; 

FIG. 15 is a flowchart for performing periodic 
trend analysis of the panel manufacturing pro- 
cess to identify the probable causes of misregis- 
tration; and 

FIG. 16 is a schematic of processing tools and 
supporting equipment used in the registration 
measurement and analysis process control. 


Detailed Description 

The manufacture of printed circuit boards or 
panels with superimposed patterns involves a large 

5 number of sequential operations in which a plurality of 
patterns and tools must be maintained in registration 
with each other during the manufacturing process 
from start to finish. During this manufacturing pro- 
cess, various machine tools, phototools and panels 

10 must be repeatedly brought into registration with each 
other. This registration must be repeatedly validated 
and corrections to the process made when misregis- 
trations of patterns and/or panels occur. 

For a manufacturing process to maintain a des- 

15 ired registration accuracy, it must depend on accurate 
inspection to detect misregistration, followed by the 
proper corrective action to the manufacturing pro- 
cess. This requires a precise understanding as to the 
probable causes of the misregistrations occurring. 

20 Basic to acquiring this understanding is knowledge of 
how the panel being processed and the related 
machine tools and phototools are superimposed dur- 
ing processing and how misalignment and dimen- 
sional changes contribute to misregistrations. 

25 Panels, for example, experience dimensional 

changes due to temperature and/or humidity. Relative 
dimensional changes between panels and phototool 
cause misregistration. Errors in setup of tools and 
machines represent another cause of misregistration. 

30 Wear of tools and processing machines over exten- 
ded periods of time may affect registration. The com- 
bined effect of many simultaneously occurring errors 
masks the individual causes. By defining the misregi- 
stration in terms of a physically significant model, the 

35 measurements of fiducial displacements may be 
transformed into parameters which may be manipu- 
lated to pinpoint the causes of the misregistration. 

Primary parameters of misregistration are graphi- 
cally depicted in the FIGS. 1 -8 which illustrate the vari- 

40 ous primary categories, established according to the 
invention, within the eight-parameter model or 
framework used in the illustrative process monitoring 
and control system. The eight-paramter model of mis- 
registration is descriptive of how well the patterns on 

45 a panel or phototool are registered and is amenable 
to determining the causes of misregistration. (Pat- 
terns on a panel may include drilled holes, copper 
features or solder mask features, while patterns on a 
phototool are the opaque features imprinted on the 

50 phototool.) The eight parameters are divided, accord- 
ing to the invention, into two primary classes; rigid 
body displacements and material deformation dimen- 
sional changes. 

The rigid body displacements are directional 

55 shifts and include the x-shift, y-shift and rotation. A 
change in a horizontal location x or x-shift (designated 
AX) is shown in FIG. 1. The central origin 101 of the 
pattern is displaced AX to point 102. Solid line 110 
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represents the correct alignment and dotted line 111 
represents the displaced pattern object. A vertical 
location change AY or y-shift is shown in FIG. 2. Here 
the actual pattern 21 1 is displaced froom the solid line 
reference boundary 210 by AY. Both AX and AY are 5 
independent of one another to the extent that a 
change in one location x or y is not a direct influence 
on the change in location along the axes y or x, re- 
spectively. The pattern and reference center points 
are shifted away from one another but the shape and 10 
area of the pattern remains unaltered. 

The third rigid body parameter is shown in FIG. 3. 
It involves a simple angular change (rotation) 0 of the 
pattern. If rotation alone occurs, the centers 310 of the 
pattern and reference are not affected and remain 15 
concordant with one another. Rotation often occurs in 
conjunction with x- and y-shifts. 

Deformation parameters are related to changes 
in the shape and form dimensions of the pattern. Two 
deformation parameters, shown in FIGS. 4 and 5, are 20 
designated as the alpha (a) and beta (p) parameters. 
Each of these parameters involves a stretch and con- 
traction along the same axis of the pattern but dis- 
placed to opposing sides of the pattern as shown in 
FIGS. 4 and 5. In the alpha distortion, shown in FIG. 25 
4, the top edge 401 has been stretched while the 
lower edge 402 has shrunk. In the beta distortion of 
FIG. 5, the left edge 502 has shrunk and the right edge 
503 has expanded. 

Shear, another deformation parameter shown in 30 
FIG. 6, involves a skewing of the vertical axis 601 with 
respect to the horizontal axis 602. It is symbolically 
designated yxy and it results in a deformation of the 
pattern that causes its shape to depart from a right 
angled parallelogram. 35 

FIGS. 7 and 8 disclose dimensional changes in 
the pattern along the x-and y-axis in which the respec- 
tive pattern and reference centers 701 and 801 are 
not shifted relative to each other. These changes in 
dimension are designated s x and s Y and are normally 40 
uniform over the entire pattern. They may be due to 
temperature and humidity changes or other causes 
that cause corresponding changes along the x-and y- 
axis. 

These eight primary parameters have been 45 
derived from a dimensional analysis of the various 
changes which may occur to the panel and related 
phototools and machine tools during various stages of 
the process. A typical deformation of a panel, for 
example, is shown in FIG. 9 in terms of change in the 50 
coordinate location of its corners 901-904 to the 
points 91 1-914. Each corner shift can be defined with 
a horizontal shift U and a vertical shift V. According to 
the eight-parameter model, these basic dimensional 
changes U and V can be defined by a polynomial 55 
series from which it is derived. 

One particular pattern of fiducials used in the illus- 
trative embodiment is shown in FIG. 1 0 and is discus- 


sed below. Given the U and V displacements of the 
four measured fiducials, the eight parameters are sol- 
ved from a polynomial series. Two polynomial series 
are used to express each U and V displacement in 
terms of four coefficient values which are selected to 
describe how one pattern is registered to another in 
terms that are physically significant. Any displace- 
ments between corresponding points on two superim- 
posed patterns are related to combinations of rigid 
body translations and rotations and to specific types 
of material deformations of the patterns. 

The horizontal displacement U depends on the 
four values 

U = a Q + aiX + a 2 y + a3xy(1) 

The vertical displacement V depends on the four 
values 

V = b Q + biX + b 2 y + baxy (2) 
The parameters are related to the coefficient 
terms of the formulas (1) and (2) as follows: 


Parameter 


ab formula 


AX, x-Shift 


AY, y-Shift 


0, Rotation 


Yxy. Shear 


b 


bi + a 2 


ex, X Expansion aj 
e y > Y Expansion b2 


a, Alpha a^ 

P, Beta b 3 

Occurrences of misregistrations, in the illustrative 
embodiment, are detected by the displacements of 
fourfiducials relative to a standard of reference. In the 
illustrative embodiment the reference fiducials are 
engraved on a reference glass plate. A schematic of 
the fiducials used in the illustrative embodiment is 
shown in FIG. 10 and comprises the foursquare mar- 
kers or reference fiducials 1001-1004 engraved on 
the reference glass 1000. The rectangular boxes 
1011-1014 overlaid thereon represent the fiducials 
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that are on the phototool or other item and are being 
compared to the reference fiducials. 

The center coordinate point 1010 of the reference 
is the master reference frame point from which the 
horizontal and vertical displacements are respectively 
measured. The reference center 1010 is selected as 
the controlling reference point in the embodiment 
herein because it is easy to align with and permits a 
more uniformly accurate registration over the extent of 
the panel. Apparatus for aligning panels and photo- 
tool to a common center 1010 and a common axis 
1020 reference has been disclosed in my prior patent 
4,793,052 issued December 27, 1988 which dis- 
closes a method for positioning a panel and its photo- 
tool. Positioning apparatus engages tooling features 
(i.e., holes) in the panel to align and secure one panel 
to a machine reference. The method disclosed therein 
uses one major axis and a reference origin which is 
at the panel center. Displacements occuring in panel 
features are in general smaller than for other position- 
ing systems that use other reference origins because 
a center origin minimizes the maximum registration 
error caused by various deformations. Another 
advantage of this method is the virtual elimination of 
positioning backlash which detracts from many 
mechanical positioning schemes. This elimination of 
backlash in the positioning significantly enhances the 
performance of the metrology system disclosed 
herein. 

A typical panel layout for processing, as shown in 
FIG. 11, may include a plurality of individual printed 
cicuit board layouts 1101-1105 on the panel. These 
five printed circuit board layouts are positioned as 
shown on the panel. Tooling features comprising the 
paired holes 1110 at opposite edges of the panel 
allow its positioning for processing, as per the 
methods disclosed in the 4,793,052 patent which is 
included herein by reference. The metrology system, 
according to the invention, initially measures the off- 
set of phototool or panel fiducials from reference fidu- 
cials. These offsets are convened to parameters of a 
model of the deformation and rigid position displace- 
ments of a single panel. By further converting these 
offset measurements into a set of advanced par- 
ameters, the physical causes of misregistration are 
identified. Long term trends are identified by analysis 
of these advanced parameters for aggregates of sev- 
eral lot samples. 

The flow diagram of this metrology process is 
shown in FIG. 12. This may be implemented in a 
stored program controlled system such as shown in 
FIG. 16. A lot sample is defined for testing per the 
instructions of block 1203. The measurement process 
begins in block 1205 by comparing the registration of 
the fiducials in the corners of the panel phototool or 
tool with the absolute reference fiducials. The U and 
V fiducial offsets in each of the four corners are 
measured and recorded in a data base, as per the 


instructions of block 1205. In the illustration this data 
base is stored in a data processing computing device. 
These measurements are repeatdly performed until 
the entire lot sample has been measured as deter- 

5 mined by the decision block 1205. 

These U and V measurements are convened by 
the instructions of block 1209 to the eight-parameter 
model defined by equations (1) and (2) above. The 
values a n and b n are obtained by solving equations (1) 

10 and (2). These eight values define the primary par- 
ameters of the metrology model as listed above. 
These primary parameter values are transformed into 
advanced parameters by the instructions of block 
1211. The processes of block 1211, in performing this 

15 transformation, are disclosed in detail in the flowchart 
of FIGS. 13 and 14, and discussed herein below. The 
various measurements and calculated parameters 
are used to generate tables and control charts for 
trend evaluation as per the instructions of block 1213. 

20 The flow process for deriving the advanced par- 

ameters and analysing the causes of detected misre- 
gistrabons is disclosed in the flowcharts of FIGS. 13 
and 14. Initially the offset measurements are read 
from a data base and converted to the primary par- 

25 ameters by the intrauctions of block 1303. These 
primary parameter values are used, per the instruc- 
tions of block 1305, to derive the averages of AX, AY 
and © which represent the rigid body translations. 
These averages are designated AX, AY and ©. 

30 The range and standard deviation are different 

but statistically proportional measures of the viability 
within a set of data. Choosing whether to use the stan- 
dard deviation or the range depends upon the physi- 
cal requirements of the production process and the 

35 level of training of the process operators. The lot 
range (maximum minus minimum within a lot) is typi- 
cally used on operator-level control charts. The stan- 
dard deviation is used for long term trend analysis, 
which will be described later. 

40 The lot ranges are calculated from the measure- 

ments as per the instructions of block 1307. These 
values are designated R^, R A y, and R 0 . 

These calculated advanced parameters are now 
evaluated to determine if unacceptable misregis- 

45 trations exist and to indicate the probable causes of 
such misregistrations. Once {AX, AY, ©} and {R^, 
Ray. R©} have all been caclulated, their values are 
automatically compared to statistically determined 
thresholds called "control limits... All six of these 

so values are automatically displayed to the operator, 
along with their control limits; values outside these 
limits are automatically flagged as "bad". 

Advanced parameters computed from the ma- 
terial deformation primary parameters (s x , ey» Yxy, 

55 p) are derived as per instructions of the block 131 1. 
The advanced parameters sx, sy, Yxy> a and p are cal- 
culated by determining the average values of s x s Y Yxy> 
a and p respectively. The advanced parameters R^, 
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R £ y> RyXY> R<x and R p , the lot ranges of the primary pat- 
terns, are then calculated as per the instrctions of the 
block 1313. 

The decision process of block 1317 investigates 
of the average values of AX, AY and ©exceed control 
limits; these limits may be selected or calculated from 
prior data. If these control limits are exceeded, an 
unacceptable registration condition has been detec- 
ted. Setup error, representing repeatable hardware 
and/or procedural problems, is investigated as a prob- 
able cause according to the instructions of block 
1319. This probable cause is listed, as per the instruc- 
tions of block 1 321 , and corrective action concerning 
procedures and hardware corrections is suggested. In 
photoprint operations, for example, one possible 
cause of setup error would be inaccurate tooling holes 
in the phototool; this contribution can be accurately 
determined by (re)measuring the phototool. 

The process flow proceeds to the decision of 
block 1323 which determines if the lot ranges R^, R A y 
and R© exceed the control limits; these limits may be 
selected or calculated from prior data. If these control 
limits are exceeded, the flow proceeds to block 1325 
whose instructions evaluate the data for probable 
tooling error. Its causes may be incorrect installation 
and/or slack in the panel or phototool positioning 
apparatus. These items are then subjected to 
mechanical inspection by personnel, as per the prob- 
able causes listed, in response to the instructions of 
the block 1327. 

The calculated advanced parameters are 
evalued to determine if unacceptable conditions of 
material deformations exist and to indicate the prob- 
able causes of such deformations. Once {sx, £y> Yxy> 
a, p} and {R eX , R £ y, Ryxv> R a > Rp} have all been calcu- 
lated, their values are automatically compared to 
statistically determined thresholds, as described 
below. Values outside these limits are automatically 
displayed. 

Process flow proceeds to the decision block 1 329 
to determine of any of the advanced parameter values 
representing average material deformations (sx, sy, 
Yx7, <x, P}) exceed their control limits which may be cal- 
culated or pre-selected. If these limits are exceeded, 
the flow proceeds to the instructions of the block 1 331 
to evaluate for average deformation error. Causes 
include non-standard environmental conditions of the 
phototool, panel product or processing machine(s). 
These probable causes are listed as per the instruc- 
tions of block 1 332 and the flow proceeds to the deci- 
sion block 1335 which compares the lot ranges { R eX , 
R £ y» RyXY» Ra » Rp } with their calculated or pre-estab- 
lished control limits. If these control limits are 
exceeded, the instructions of the block 1337 evaluate 
the causes for random deformation error, such rapidy 
changing environmental conditions (e.g. temperature 
and humidity) during the panel processing procedure. 

Long term trend analysis is based on collected 


data for a plurality of lot samples. Long term trend 
analysis allows evaluation and fine-tuning of all the 
registration processes; it is performed according to 
the flow process disclosed in FIG. 1 5. Using data from 
5 many lots enhances the statistical accuracy of the 
diagnostics, and facilitates identification of gradual 
variations and small but statistically significant 
biases. 

Displacement measurements stored from a 

10 plurality of lot samples is accumulated according to 
the instructions of the block 1503. If desired, the data 
can be sorted to select or eliminate lots according to 
desired combinations of various criteria, e.g. product 
family (Double-Sided vs Multilayer) using the menu- 

15 driven instructions of block 1505. Extended period 
parameters are calculated for the accumulated data 
as per the instructions of block 1 507. These values fall 
into three basic types for each of the eight primary par- 
ameters, e.g. AX. Ensemble averages, e.g.AX, show 

20 any long term average bias. Ensemble standard devi- 
ations of lot averages, e.g. a^x» represent the stan- 
dard deviations of averages within a lot, and show any 
long term viability between lots. Ensemble averages 
of lot standard deviations, e.g. a^, show the average 

25 viability within lots, averaged over many lots. The cal- 
culated results are saved in a file, both human and 
machine readable, by the instructions in block 1509. 

The multiple lot parameters calculated in block 
1507 are comared to control limits by the process of 

30 decision block 1511. If any of these limits are 
exceeded, the relavent parameters and their control 
limits are listed, along with probable causes of error, 
as per the instructions of block 1515. The ensemble 
averages for the rigid body parameters {AX, AY, 0} 

35 (e.g. AX), and their ensemble averages of lot standard 
deviations (e.g. a^) have causes including but not 
limited to those listed by blocks 1321 and 1327 re- 
spectively. The ensemble averages for the material 
deformations {s x , sy> Yxy> <*> P) (©-9- S3 and their 

40 ensemble averages of lot standard deviations (e.g. 
ct^) have causes including but not limited to those lis- 
taed by block 1333 and 1339 respectively. Results of 
the long term trend analysis are recorded and sum- 
marized, as per block 1515, and displayed as per 

45 block 1519. 

A measurement system suitable for use in the 
described metrology system described herein is 
shown schematically in FIG. 16. A transparent refer- 
ence plate 1610 with reference fiducials 1611-1614 in 

so the four corners is mounted above four video cameras 
1621-1624 with the fiducials in their field of vision. The 
pattern 1630 includes its own complementary fidu- 
cials 1631-1634 located in its corners. The fiducials 
1631-1634 are measured with respect to the fiducials 

55 161 1-1614 of the reference plate to determine the U 
and V displacements. For measurement one pattern 
1 630 is overlaid on top of the reference plate 1 61 0 and 
positioned by application of the method disclosed in 
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the aforementioned 4,793,052 patent. Engaging ele- 
ments 1691-1694 controlled by a mechanism such as 
disclosed in the (052) patent engage holes punched 
or drilled in the pattern and postion it so that its center 
and an axis through that center is congruent with a 
center of the reference plate and an axis passing 
through that center. Details of the positioning 
mechanism and the operation there of may be 
obtained from the (052) patent whose teaching and 
disclosure is incorporated herein by reference. 

The displacements of the pattern fiducials from 
the reference fiducials are measured by a computer 
control system 1650 from the video images produced 
by the camera 1621-1624. The computer control sys- 
tem 1650 includes input means 1651 for collecting the 
measured fiducial displacements and a control termi- 
nal 1 652 for accepting operator input. A display termi- 
nal 1653 is included for displaying basic 
measurements, calculated results and graphical depi- 
ction thereof. A bus 1655 interconnects these units to 
each other and to a processor 1656, a stored program 
unit 1657 and a memory unit 1658. 


Claims 

1. Apparatus for analyzing pattern registration in a 
panel manufacturing process, comprising: 

a panel locating mechanism using panel 
centered positioning techniques; 

a pattern marking corners of the patterns 
with working fiducials symmetric about a center of 
the pattern; 

a transparent reference surface with refer- 
ence fiducials marked on the surface and posi- 
tioned symmetric about a center of the reference 
surface; 

superimposing a pattern, with corners of 
the pattern marked with working fiducials sym- 
metric about a center of the pattern, on the refer- 
ence surface using the panel locating mechanism 
for positioning the pattern on the reference sur- 
face; 

CHARACTERIZED BY: 

a machine vision measurement apparatus 
(1610) positioned for measuring displacements of 
the working fiducials from the reference fiducials; 

a computer system (1650) coupled to 
receive the measured displacements from the 
machine vision measurement apparatus and 
including memory for storing the measured dis- 
placements in a data base; 

the computer system including (1657) a 
stored program control including instructions for 
decomposing the measured displacements 
stored in the data base into a set of rigid body 
transition parameters and material deformation 
transition parameters; 


the stored program control of the computer 
system including further instructions for trans- 
forming the rigid body parameters and material 
deformation parameters, associated with a 

5 plurality of patterns of a sample lot being 

analyzed, into a set of multiple composite distor- 
tion parameters related to a plurality of patterns, 
including average values and deviation values of 
the rigid body parameters and average values 

10 and deviation values of the material deformation 

parameters; 

the computer system including memory 
(1658) including stored numerical control limits 
for each of the multiple composite distortion par- 

15 ameters; 

the stored program control including 
further instructions for comparing each of the mul- 
tiple composite distortion parameters with the nu- 
merical control limits; 

20 the stored program control including 

instructions for assigning causes of misregis- 
tration to specific operations and conditions of the 
panel manufacturing process in response to the 
multiple composite distortion parameters that 

25 exceed the critical threshold limits; and 

the computer system including information 
output display apparatus (1653) for communicat- 
ing the assigned causes to operative personal. 

30 2. Apparatus for analyzing pattern registration as 
claimed in claim 1; 

FURTHER CHARACTERIZED BY: 
the stored program being operative for 
decomposing the measured displacements into 
35 rigid body and deformation parameters by solving 

polynomial expansion series equations. 

3. Apparatus for analyzing pattern registration as 
claimed in claim 2; 

40 FURTHER CHARACTERIZED BY: 

memory for storing measured displace- 
ments from data of an aggregate of sample lots; 
and the stored program control being operative 
for converting the measured displacements from 

45 data of an aggregate of sample lots into extended 

period parameters for analyzing trends of regis- 
tration in the panel manufacturing process. 

4. A method for analyzing pattern registration in a 
so panel manufacturing process; 

comprising the steps of: 

using panel centered registration patterns 
in the manufacturing process; 

marking corners of the patterns with work- 
55 ing fiducials symmetric about a center of the pat- 

tern; 

marking corners of a reference surface 
with reference fiducials symmetric about a center 
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of the reference surface; 

superimposing the pattern on the refer- 
ence surface using panel centered positioning 
techniques and measuring displacements of the 
working fiducials from the reference fiducials; 5 

CHARACTERISED BY: 

storing the measured displacements in a 
data base and utilizing a stored program control 
for decomposing the measured displacements 
into a set of rigid body parameters and material 10 
deformation parameters; 

utilizing the stored program control for 
transforming rigid body parameters and material 
deformation parameters, associated with a 
plurality of patterns of a sample lot being 15 
analyzed, into a set of multiple composite distor- 
tion parameters related to a plurality of patterns, 
including average values and deviation values of 
the rigid body parameters and average values 
and deviation values of the material deformation 20 
parameters; 

utilizing the stored program control for 
comparing each of the multiple composite distor- 
tion parameters with critical threshold limits; 

utilizing the stored program control for 25 
assigning causes of misregistration to specific 
operations and conditions of the panel manufac- 
turing process in response to the multiple compo- 
site distortion parameters that exceed the critical 
threshold limits. 30 

5. A method for analyzing pattern registration as 
claim in claim 4; 

FURTHER CHARACTERIZED BY THE 
STEPS OF: 35 

decomposing the measured displace- 
ments into rigid body and deformation par- 
ameters by having the stored program control 
solve polynomial expansion series equations. 

40 

6. A method for analyzing pattern registration as 
claimed in claim 5; 

FURTHER CHARACTERIZED BY THE 
STEPS OF: 

utilizing the stored program control for con- 45 
verting the measured displacements from data of 
an aggregate of sample lots into extended period 
parameters for analyzing trends of registration in 
the panel manufacturing process. 

50 

7. A method for analyzing pattern registration as 
claimed in claim 4; 

FURTHER CHARACTERIZED BY THE 
STEPS OF: 

utilizing the stored program for compu- 55 
tation of control limits using the stored measured 
displacements from prior measurements in previ- 
ous sample measurements. 
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